We used in situ hybridization histochemistry with synthetic oligonucleotide probes to localize the "As encoding the a2-and P-"As of Na,K-ATPase during development of the brine shrimp Artemh. The "As of the az-and P-subunit were of low abundance in the cysts; in addition, less mRNA of the &subunit was localized. During emergence (12 hr), there was an increase in az-subunit mRNA in the gut mucosa, but there was a burst in P-subunit mRNA throughout. As development progressed, the "As of both the a2-and j3-subunits showed a distinct pattern of expression in which the mRNA in the salt gland was of greatest abundance, followed by epidermal cells and gut mucosa. After 36 hr the az-subunit mRNA began to decrease in all positive cells but still remained highest in the salt gland and the brain region, while the mRNA of the P-subunit kept increasing in the gut m u m . Finally, the greatest abundance of the P-subunit mRNA shifted from the salt gland to the antenna gland and the epidermal cells in the tail region, but the az-subunit mRNA did not. The more widespread distribution of the $-"A than az-mRNA at certain stages (e.g., there was no a2-mRNA in the antenna gland at the adult stage) is in all likelihood due to the marked drop in the az-subunit and a rise in al-subunit previously seen by Peterson et al. on polyacrylamide gel electrophoresis, as development progresses. (1 Historhem Cytochem 40:555-562, 1992)
Introduction
Na,K-ATPase plays a central role in the maintenance of Na+ and K' gradients across the plasma membrane of all animal cells. The enzyme is composed of two polypeptide chains present in a oneto-one stoichiometry. The MW of the a-chain ranges from 95-110,000, depending on the isoform and the species. It traverses the bilayer several times and is involved in interactions with the ligands (for review see Lingrel et al., 1990; Baxter-Lowe and Hokin, 1989) . The j3-chain with an MW around 55,000 is a glycoprotein with an apparent single transmembrane strand. Its function is unknown (Norby, 1989; Glynn, 1988; Skou, 1988; Rosier et al., 1987) . but recently there has been some progress in studies of P-subunit function (McDonough et al., 1990; Geering et al., 1989; Noguchi Supported by NIH grant GM 33850 (LEH) and by a Teaching Assistantship from the Department of Pathology, University of Wisconsin Medical School, Madison, WI (DYS). k k u n and Fambrough, 1986) . It has been suggested that the P-subunit is involved in membrane insertion and transport of the a-chain (Kawamura, 1990) and that it may be a recognition element for adhesion molecules (Schachner et al., 1990) .
Gene expression of Na,K-ATPase has previously been studied (Lingrel et al., 1990; Baxter-Lowe and H o b , 1989; Guo and Hokin, 1989; Chehab et al., 1987; Herrera et al., 1987; Mercer et al., 1986; Peterson et al., 1982a,b) . Although there have been several studies of Na,K-ATPase subunit levels during development, primarily in individual tissues, there have been no mRNA in situ hybridization studies of all tissues as development progresses. The brine shrimp has several advantages for developmental studies. It is readily available commercially and develops rapidly on suspension of cryptobiotic cysts (at the gastrula stage) in seawater. Differentiation can be studied before mitosis begins for up to 18 hr. Studies of Na,K-ATPase expression in the developing brine shrimp have been carried out in our laboratory for several years. Gene expression of the enzyme has been examined by biochemical (Fisher et al., 1986; Peterson et al., 1982a;  Conte et al., 1977) and histochemical studies (Conte, 1984) . Furthermore, the mRNAs of the a-and P-subunits during brine shrimp development have been semiquantitated by North-ern analysis (Guo and Hokin, 1989) . To study expression of the Na,K-ATPase gene in various tissues in the early stages of development, we used specific oligonucleotide probes to define expression patterns of the messengers for both aand p-subunits in developing brine shrimp by in situ hybridization.
Materials and Methods
Rearing Brine Shrimp and Tissue Preparation. The brine shrimp were obtained as dehydrated cysts in which embryonic development is arrested at the gastrula stage. They were purchased in dry, sealed containers from San Francisco Bay Brand (Newark, CA) and were stored at 4'C. Development was initiated by hydration of the encysted embryos in three or four volumes of tapwater. To maximize synchronization of development, this hydration process was carried out at 4'C for 4 hr or overnight. After the cysts were hydrated and washed, development was allowed to proceed by incubation in half-strength seawater (Instant Ocean Sea Salts; Aquarium Systems, Eastlake, OH) at 28-3O' C with adequate aeration. The brine shrimp were collected at the following incubation times: 0, 12, 16, 24, 36, and 48 hr. The collected brine shrimp were washed in tapwater and fixed with 4% neutral-buffered paraformaldehyde solution overnight at 4%. Fixed brine shrimp were washed in tapwater for 1 hr, dehydrated with graded alcohol, and embedded in paraffin. The paraffin sections (8 pm thick) were cut with a disposable knife on a conventional microtome and placed on microscopic slides coated with aminoalkylsilane (Sigma; St Louis, MO).
Oligonucleotide Probe Preparation. The probes used were specific for mRNAs of the a-subunit (Baxter-Lowe et al., 1989) and p-subunit (Bhattacharyya et al., 1990) . A 30-base synthetic oligonucleotide probe complementary to the a-subunit coding for amino acids 564-574 (AACGGC-AGCTC'MGGAGGATCAATCA'GGA) (5'-3') and a 30-base synthetic oligonucleotide probe complementary to the 0-subunit coding for amino acids 37-46 (AATCTTGGCCCAGCTACCAGCTGTCCTTCC) (5'-3') were synthesized by Genetic Designs (Houston, TX) and the Biotechnology Center at the University of Wisconsin-Madison, respectively.
For in situ hybridization studies, probes were 3I-end-labeled (Lloyd et al., 1989; Lewis et al., 1985) with 5'-[~-thio-~'S]-dATP (New England Nuclear; Boston, MA) using terminal deoxynucleotidyl transferase (BRL; Gaithersburg, MD) for 45 min at 37'C. They were then separated by electrophoresis on a 20% polyacrylamide gel with 7 M urea. The labeled probes were localized autoradiographically and extracted with oligonucleotide e htion buffer (0.1% SDS, 0.5 M ammonium acetate, 10 mM magnesium acetate) overnight at 37°C. The extracted probes were filtered through 0.2pm millipore filters, precipitated. and dried in a Speed Vac. Finally, the probes were re-dissolved in distilled water and stored at -80%. For Northern blots, probes were S'-end-labeled with [Y-~~PI-ATP (New England Nuclear) using T4 kinase (Pharmacia; Uppsala, Sweden) for 1 hr at 37'C. They were precipitated, dried, and finally diluted in distilled water.
Northern Analysis. Total RNA was isolated from brine shrimp (24-hr incubation) by extraction in guanidinium thiocyanate, followed by ultracentrifugation in cesium chloride (Sambrook et al., 1989) . Aliquots of the RNA were run on a 1% agarose gel with 6% formaldehyde to assess the integrity of the 28s and 18s bands, and the separated RNA was blotted onto a nitrocellulose membrane. The blot was baked for 60 min at 80'C in a vacuum oven. Pre-hybridization was done in Denhardt's solution (0.20% Fico11/0.2% bovine serum albumin/0.02% polyvinylpyrolidine) with 2 x SSC, 150 pg/ml spermidine DNA, and 1.5 mglml yeast tRNA for 2 hr at room temperature. The filters were then hybridized in the same solution containing 1 x 1 0 ' cpmlml of 32P-labeled probes overnight at 52'C with agitation. Filters were subsequently washed in 2 x SSC for 5 min at 52°C and then for 30 min at room temperature. Labeled RNA bands were identified after exposure to X-ray film.
In Situ Hybridization. In situ hybridization procedures described by Lloyd et al. (1989) were used. The slides were treated with 0.2 N HC1 for 5 min. After rinsing the slides, they were incubated with proteinase K (1 pg/ml) for 10 min at room temperature, followed by 2 x SSC wash for 10 min. Pre-hybridization was performed by covering the slides with 40 p1 of pre-hybridization buffer [2 x SSC containing Denhardt's solution, 1 mglml of yeast tRNA, 100 pglml sonicated salmon sperm DNA, and 50% formamide in 20 mM sodium phosphate (pH 7.2)] for 1 hr at room temperature. The labeled oligonucleotide probes were diluted in hybridization buffer containing 20 mM dithiothreitol and 1 x lo6 cpm of probe per slide. The slides were covered with parafilm and incubated overnight at 42'C in moist chambers. After 18-hr hybridization, the slideswere washed at room temperature in 2 x SSC for 1 hr, then in 1 x SSC for 1 hr and 0.5 x SSC for 1 hr. A subsequent wash in 0.5 x SSC for 30 min at 42°C was followed by a 30-min wash at room temperature in 0.5 x SSC. The slides were then dehydrated in 95% and 100% ethanol with 0.3 M ammonium acetate and air-dried overnight. The dried slides were dipped in KOdak NTB2 emulsion diluted 1:1 with distilled water. The slides were allowed to air-dry for 45 min and then placed in a light-sealed box at 4°C for 3 days. They were subsequently developed for 3 min in Kodak D-19 developer, washed in water for 1 min, and fixed for 5 min in Kodak Fixer. The slides were counterstained with hematoxylin and eosin and coverslipped. Finally, they were examined by both light microscopy and darkfield microscopy. To check for specificity, controls for in situ hybridization consisted of: (a) prior digestion of tissue with 200 pglml RNAse A (Sigma), at 37°C for 30 min; and (b) a 200-fold excess of unlabeled a-subunit or 0-subunit oligonucleotide probe was added before in situ hybridization.
Results

SpecifiGity of Oligonucleotide Probes
We assessed the specificity of the probes by Northern analysis. The labeled bands (Figure 1 ) of the aand P-subunit probes appear at approximately 3.5 KB (Lane 1) and 1.9 KB (Lane 2), respectively.
These are very similar to values obtained in our laboratory using cDNA probes (Guo and Hokin, 1989) . In addition to the 3.5 KB band, a faint 5.1 KD mRNA band was also seen by Guo and Hokin (1989) with an a-cDNA probe. These two mRNAs represent the aland az-subunit proteins, respectively, previously reported by Peterson et al. (1982a,b) .
In Situ Hybridization of a-Subunit mRNA
At the gastrula stage (0 hr incubation), there was low abundance of the apsubunit mRNA in the embryo. The amount of the mRNA was higher in the head region than in the tail region, and more mRNA was localized i n ectodermal cells (Figure 2A ). At the Emergence 1 stage (12 hr), the mRNA increased in the gut mucosa; in addition, the mRNA appeared uniformly throughout the epidermal cells ( Figure 2B ). At the Emergence 2 stage (16 hr), the mRNA was highly concentrated in the salt gland region and remained the same in both the gut mucosa and epidermal cells (Figures 2C and 2D) . At this stage, controls which had been treated either with a 200-fold excess of unlabeled a-subunit probe (Figures 2E and 2F) or with prior digestion of tissue with RNAse A (data not shown) showed background levels of silver grains. At the Nauplius 1 stage (24 hr) the mRNA continued to increase in cells in the salt gland region and progressed to the brain region; the abundance of " A also increased in the midgut mucosa and epidermal cells, as well as in mesenchymal cells, at this stage ( Figure 2G ). At the Nauplius 2 stage (36 hr), the mRNA was lower in all the positive cells but the highest mRNA was still localized in the salt gland and in the brain region ( Figure 2H ). At the Nauplius 3 stage (48 hr). the mRNA distribution pattern showed a similar pattern to that seen at the Nauplius 2 stage (36 hr) ( Figure 21 ).
In Situ Hybridization of the 0-Subunit mRNA
At the gastrula stage (0 hr), the mRNA of the P-subunit was uniformly distributed in low abundance in the ectodermal cells, and some mRNA could be demonstrated in other parts of the embryo ( Figure 3A ). P-mRNA increased strikingly in all the embryonic cells at the Emergence 1 stage (12 hr); the highest abundance of P-mRNA was detected in the gut mucosa and in the epidermal cells ( Figure  3B ). At the Emergence 2 stage (16 hr) the mRNA showed a more specific distribution, in that the greatest abundance was localized in the salt gland, followed by the epidermal cells and the gut mucosa ( Figures 3C and 3D) . Controls were either a 200-fold excess of unlabeled P-subunit probe in competition experiments (Figures 3E and 3F) or prior digestion of tissue with RNAse A (data not shown). These treatments resulted in background levels of silver grains. At the Nauplius 1 stage (24 hr), the mRNA abundance increased in the epidermal cells, midgut mucosa, and cells in the brain region ( Figure 3G ). At the Nauplius 2 stage (36 hr) the mRNA remained prominent in the gut mucosa, with a more uniform distribution throughout the entire gut region ( Figure 3H ). By 48 hr the greatest abundance of P-mRNA had progressed to the antenna gland and epidermal cells in the tail region, while a uniform distribution of the mRNA remained in the other regions of the nauplius (Figure 31 ).
Grain Counts in Individual Cells
Grain counts were performed in individual cells at the gastrula stage and the Emergence 1 stage. Examples of grains for a2-mRNA and (3-mRNA in individual cells at the gastrula stage are shown in the inserts of Figures 2A and 3A, respectively. At the gastrula stage counts were performed in three different regions: the head region, the gut region, and the tail region. Results were expressed as percent of cells with silver grains. The results for the gastrula stage were as follows: head region, P. 97%; a2, 87%; gut region, P, 90%; a2, 4.8%; tail region (ectodermal cells), P, 93%; a2, 11%. It is clear that there was equal expression of a2-and P-mRNA in the head region, but there was far more expression of P-mRNA in the gut and in the ectodermal cells of the tail region. The following results were obtained for the Emergence 1 stage: head region, P. 98%; a2, 96%; ectodermal cells in the body region, P, 98%; a2, 94%; gut region (mucosal cells), P, 95%; a2, 90%; mesenchymal cells, 8. 98%; a2, 9%. Therefore, at this stage a2-mRNA and P-mRNA were widely and equally distributed in the head region, ectodermal cells, and mucosal cells of the gut, but P-mRNA was much higher in the mesenchymal cells. With the higher number of positive cells the standard errors were usually less than 3%.
Discussion
In situ hybridization studies of both the a-and P-subunits of Na.K-ATPase in the developing brine shrimp add to our knowledge of the tissue pattern of gene expression of this enzyme in early development. This study also extends previous biochemical (Guo and Hokin, 1989; Fisher et al., 1986; Peterson et al., 1982a,b; Conte et al., 1977) , histochemical (Conte. 1984) . and immunocytochemical studies (Sun et al., 1991) . Peterson et al. (1978;  see also Peterson and Hokin, 1980) were the first to show multiple isozymes of the a-subunit of Na,K-ATPase. Two isozymes were found in Artemia and were termed a1 and a2. At 14 hr of development there were about equal amounts of the two subunits, but by 48 hr the amount of a2 had decreased to 20% of total a-subunit, and a1 had increased to 80%. Using a cDNA probe from an a-cDNA we had cloned (Baxter-Lowe et al., 1989) . Guo and Hokin (1989) found a faint 5.1 KB mRNA and a dominant 3.5 KB mRNA on Northern hybridization at moderately high stringency. These two mRNAs should represent, respectively, the a l -and a2-proteins seen on polyacrylamide gel electrophoresis. Guo and Hokin (1989) found that the 3.5 KB a-mRNA reached its peak value at 16 hr of development, remained constant until 24 hr, and then decreased to 40% of its 16-hr level by 36 hr. Although there is not a perfect correlation between az-protein and al-mRNA, there is a fairly close parallelism after 14-16 hr, suggesting regulation at the transcriptional level. The in situ hybridization studies reported here are in general agreement with the time-dependent changes in levels of the 3.5 KB mRNA reported by Guo and Hokin (1989) , in that the mRNA levels for the a2subunit decreased in many tissues at the later time points, particularly in the salt gland, where the hybridization was so dominant at earlier stages.
The synthesis of the oligonucleotide probe used for the in situ hybridization studies reported here was based on a cDNA nucleotide sequence of the a-isoform we had previously cloned and sequenced (Baxter-Lowe et al., 1989) . We consider this sequenced cDNA the a2-isoform because the oligonucleotide designed from L SUN, GUO, HARTMANN, UNO, HOKIN 2F Figure 2 . In situ hybridization of a-subunit mRNA at various developmental stages of the brine shrimp (the detected mRNAs are represented as either white grains in darkfield or dark grains by light microscopy). (A) A darkfield photograph of a section of brine shrimp at the gastrula stage (0 hr). There is low abundance of the mRNA of the a-subunit in the cyst. The amount of the a-subunit mRNA is higher in the head region (HD) than in the tail region (TL), and more mRNA is localized in the ectodermal cells (EC). (Inset) A brightfield photograph in the head region shows a few ectodermal cells (arrows) containing a small number of grains. (E) A darkfield photograph of a section of brine shrimp at the Emergence 1 stage (12 hr). There is increased a-subunit mRNA in the gut mucosa (GT), and the a-subunit mRNA appears uniform throughout the epidermal cells (EP). (C) A darkfield photograph of a section of brine shrimp at the Emergence 2 stage (16 hr). The mRNA of the a-subunit is highly concentrated in the salt gland (SG), while the abundance of the a-subunit mRNA remains the same in both the gut mucosa (GT) and in the epidermal cells (EP). as compared with the previous stage (E). (D) A brightfield photograph of the same field as in C. (E) A darkfield this sequenced cDNA hybridized to the same 3.5 KB subunit as seen by Guo and Hokin (1989) with a cDNA probe derived from our a-cDNA, i.e., the lower molecular weight form (see Figure 1 ). This probe did not hybridize at all to the 5.1 KB mRNA, as might be expected for an oligonucleotide probe with a sequence perfectly complimentary to a comparable stretch of sequence in the 3.5 KB mRNA isoform.
At the gastrula stage (cysts), the mRNAs of both azand P-subunits were of low abundance. This is consistent with the immunochemical studies (Fisher et al., 1986 ), immunostaining (Sun et al., 1991 , and mRNA levels in the whole animal (Guo and Hokin, 1989) . We find here a wide distribution of the P-subunit mRNA in the early developmental stages (gastrula and Emergence 1 stages). It is likely that the al-isoform, which did not hybridize to our oligonucleotide probe, may be the subunit that combines with the P-subunit in some tissues in the early stages of cell differentiation when there was much more P-mRNA than a-mRNA, e.g., the gut region, tail region, and mesenchymal cells (see above). This may lead to a failure to detect the wide distribution pattern of the a-subunit, as we saw for the p-subunit. Marked discrepancies were also seen at the adult stage, particularly in the antenna gland, where no a-hybridization was seen at all; yet the antenna gland is an important salt-secreting organ in the adult and therefore it must contain a-subunit.
After hatching (Emergence 1 stage), exposure to seawater initiates a burst of enzyme production to maintain the osmotic equilibrium between the embryo and seawater. The mRNAs of both aand S-subunits increase significantly at this point, and this matches well with biochemical studies (Fisher et al., 1986) . The mRNAs show a striking pattern in that the greatest abundance of mRNAs is localized in the salt gland at the Emergence 2 stage. As is known, the salt gland plays a major role in osmolarity regulation of the embryonic brine shrimp (Conte. 1984; Ewing et al., 1974) .
The early cyst stage hydrates by the formation of trehalose inside the embryo, and water passes through the shell to bathe the embryonic cells with a hyperosmotic sugar-water medium. NaCl photograph of a control competition experiment with a 200-fold excess of unlabeled a-subunit probe. Only background levels of silver grains are observed. (F) A brightfield photograph of the same field as in E. (G) A darkfield photograph of a section of brine shrimp at the Nauplius 1 stage (24 hr). The a-subunit mRNA continues to increase in cells in the salt gland (SG) region and progresses to the brain (er) region. The abundance of the a-subunit mRNA also increases in the midgut mucosa (MG) and in the epidermal cells (EP), as well as in mesenchymal cells (MC). (H) A darkfield photograph of a section of brine shrimp at Nauplius 2 stage (36 hr). The a-subunit mRNA is decreased in all the positive cells. The highest mRNA is still localized in the salt gland (SG) and the brain (er) region. (I) A darkfield photograph of a section of brine shrimp at the Nauplius 3 stage (48 hr) (SG. salt gland; Br, brain). The a-subunit mRNA distribution shows a similar pattern to that at the Nauplius 2 1 stage (24 hr) . The abundance of the 0-subunit mRNA increases in the epidermal cells (EP), midgut mucosa (MG). and cells in the brain (Er) region (SG, salt gland). (H) Darkfield photograph of a section of brine shrimp at the Nauplius 2 stage (36 hr). The P-subunit mRNA continues to increase in the gut mucosa (GT), with a more uniform distribution throughout the entire gut region (SG, salt gland). cannot penetrate the shell of the cyst and therefore does not contribute to the osmotic load occurring in the embryonic tissues. Na,K-ATPase is not required at this stage. Once the shell wall is broken at emergence, ions flood into the embryo and Na,K-ATPase is then required. Our results suggest that in the early stages (Emergence 1 stage) epidermal cells perform an initial role in osmolarity regulation and only later (Emergence 2 stage) does the salt gland develop and start to express large amounts of a-and P-messengers. Therefore, the salt gland must join with the epidermal cells in maintaining osmotic regulation subsequent to the Emergence 2 stage.
After the Nauplius 2 stage, the reduction in abundance of the a2-mRNA in all the positive cells and the constant expression of the mRNA of the p-subunit agree with the data from Northern analysis, as discussed above (Guo and Hokin, 1989) . Since our oligonucleotide probe recognizes only the az-mRNA, the al-mRNA, which cannot hybridize with our oligonucleotide probe, may become a prominent isoform in the late stages. Alpha1 protein does not fall during development but in fact rises, as a proportion of a1 + a2 (Peterson et al., 1982a) . The great abundance of the &subunit mRNA expressed in the antenna gland and epidermal cells in the tail region after the Nauplius 2 stage is consonant with the fact that the antenna gland and the leg segments become the main osmoregulating tissues in the adult. The fact that little or no a-mRNA was present in the antenna gland and the tail region (leg segments?) at the Nauplius 3 stage suggests that the al-mRNA may be the only a-subunit in these structures. This agrees with the fact that the al-subunit protein accounts for 80% of total a-subunit protein by 48 hr. It should also be emphasized that in the immunocytochemical studies of Sun et al. (1991) the expression of the a-and P-subunit proteins paralleled each other fairly closely, in contrast to the aand 0-mRNAs shown here. The polyclonal antibody used was not specific for either isoform and therefore would detect a ]and az-subunit proteins. Recent studies in our laboratory (Bhattacharyya, Guo, and Hokin, unpublished observations) indicate that there are two P-mRNAs. Based on molecular size, the P-mRNA that hybridized here to our oligonucleotide probe (Figure 1) is the Pl-mRNA. To obtain a complete picture, in situ hybridization should also be carried out during development with probes for the al-and Pz-mRNAs. 
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